Abstract. A comprehensive homogeneous gas phase photochemical model is developed to study the problem of stability of the Martian atmosphere. The one-dimensional model extends from the ground up to 220 km, passing through the homopause at 125 km. The model thus couples the lower (neutral) atmosphere to the ionosphere above which provides significant downward flux of carbon monoxide and oxygen atoms. It is concluded on the basis of currently accepted values for globally and seasonally averaged water vapor abundance, dust opacity and the middle atmospheric eddy mixing coefficient, as well as the relevant laboratory data (particularly the temperature dependence of CO2 absorption cross section and the rate constant for CO + OH reaction), that the rate of re-formarion of carbon dioxide exceeds its photolyric destruction rate by about 40%. Furthermore, it is found that this result is virtually independent of the choice of eddy mixing coefficient, unless its value in the middle atmosphere exceeds 108 cm2s-1 or is far smaller than 105 cm2s-1, or the dust opacity, unless it exceeds unity, or the water vapor mixing ratio at the surface, unless it is far smaller (_<1 ppm) or far greater (>500 ppm) than the average value (~150 ppm). Since none of these extremes represent globally and seasonally averaged conditions on Mars, we propose that the present model requires existence of a mechanism to throttle down the recycling rate of carbon dioxide on Mars. Therefore, it is suggested that a heterogeneous process which provides a sink to the species that participate in the recycling of CO2, i.e., H20, H202, OH, CO or O, in particular, may be necessary to bring about the balance between the CO2 recycling rate and its photolyric destruction rate. Aerosols of dust or ice (pure or doped water or carbon dioxide ice present in the atmosphere of Mars) can provide the appropriate adsorption sites for the above heterogeneous process. Despite our conclusion that some heterogeneous process may be needed, it is important to recognize that one-dimensional models can only provide first-order results which, most likely, represent globally and seasonally averaged conditions. However, it is only after actual temporal, latitudinal and longitudinal variations of relevant atmospheric parameters are included in the model that one can determine fully whether the problem of atmospheric stability still continues to persist and whether some heterogeneous process is required to correct it.
Introduction
The classical problem of the stability of Martian atmosphere is revisited in view of improved planetary and laboratory data. Nearly two decades ago, recognizing that once photodissociated, the Martian CO2 cannot be reconstituted by the reverse reaction of its products since the reaction is spin forbidden, McElroy and Donahue [1972] and Parkinson and Hunten [1972] proposed oxidation of CO to CO2 by a process that involves catalysis by the hydroxyl radicals. The relevant reactions are as follows:
CO2 +hv--> CO+O
(1)
CO + O + M --> CO2 + M, Spin Forbidden (2) CO +OH --> CO2 + H (3)
(where M represents the background gas). In the absence of recycling, CO2 in the Martian atmosphere would have been irreversibly converted to CO and 02 in less than 6000 years, the latter being formed in the following threebody recombination reaction:
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O+O+M -->02 +M (4)
It is known, however, that the level of CO2 in the Martian atmosphere is stable except for regular, seasonal variations of approximately 30% due to the CO2 deposition on and reevaporation from the polar ice caps. Moreover, the present atmospheric levels of 02 and CO, which are approximately 0.12% and 0.07%, respectively, do not continue to build up, despite the fact that these levels would have been attained in less than 6 years.
Evidently some effective mechanism for recycling CO2 while at the same time maintaining the levels of 02 and CO is operative The above difficulty regarding K in the MD model was largely alleviated in the PH model, in which an additional large source of OH from hydrogen peroxide (H202) was considered. The PH model assumed K = 5 x 106 cm2s -• in the middle atmosphere; however, the "average" water vapor mixing ratio required in this model must be of the order of 500 ppm in order to balance the loss and production rates of CO2. The relevant set of reactions in the PH model is given below:
2(H +02 + M --> HO2 + M) HO2 + HO2 •> H202 +02 H 202 -{-BY -• OH + OH (7) (8)
And, combined with 2(CO +OH --> CO2 +H),
the net result is 2CO+O2 --> 2CO2.
The PH model thus effectively recycles CO2 without having to resort to unreasonably large values of K in the middle atmosphere. The difficulty, however, is with the assumption of a nearly "wet" atmosphere. Although the amount of water vapor on Mars varies from less than 1 pr gm (1 pr gm = 10-•g cm -2 H20=3.35x10 •8 molecules cm -2 H20; 1 prgm~ 15 ppm for uniformly mixed H20) in early spring to 60-70 pr gm in the summer [Farmer et al., 1977] , the globally and seasonally averaged value is in the 10-15 pr gm range or 150-225 ppm [Jakosky and Farmer, 1982] , which is far below that required in the PH model.
A variation on the PH and MD models by Kong and McElroy
[1977] (KM, hereafter) considered the possibility of an active surface, but it also required unacceptably high values of K in the middle atmosphere (once improved laboratory kinetic data are taken into account as discussed by Atreya and Blamont [ 1990] ).
In view of the above difficulties with the previous models, Atreya and Blamont [ 1990] suggested that the recombination of CO and O to recycle CO2 could be facilitated by heterogeneous processes in the atmosphere of Mars through catalysis on the surfaces of aerosols of dust or ice, either directly or on chemical reactions. In part, this suggestion was prompted by laboratory measurements which indicated that in the presence of long-wavelength sunlight in the 210-390 nm range, oxidation of CO to CO2 by O can occur if catalyzed by anatase (titanium oxide, TiO2; [Thevenet et al., 1974] ). The Martian surface contains 0.5-1% TiO2, and presumably it is also present in the airborne dust. Laboratory data on the accommodation coefficients of CO and O on pure ice, and a small number of minerals found in the Martian surface (magnetite, hematite, anatase, etc.) indicated that the largest value is for TiO2 [Leu et al., 1992] . Even for TiO2, however, the accommodation coefficient is only 10 -4 , which is a The units for rate constants are cm3s -• for two-body reactions and cm6s -! for three-body reactions.
NIST Chemical Kinetics Database (version 5.0) was also consulted in choosing the rate constants. M represents the background gas, CO2. 
The Photochemical Model
The homogeneous gas phase photochemical model of this paper ranges from the surface up to 220 km, passing through the homopause at approximately 125 km. The significant chemical reactions in the neutral atmosphere relevant for the atmospheric stability problem are listed in Table 1 and are illustrated schematically in Figure 1 . Attention is directed to the reactions leading up to the formation and subsequent loss of the hydroxyl radical, OH, since OH is expected to play a crucial role in the stability of CO2, 02 and CO in the Martian atmosphere. As we will see later, reaction R6 (Table 1) A vast majority of the rate constants, and, where applicable, their temperature and pressure dependence, have been revised compared to the values used in MD, PH and KM models. Particularly noteworthy is the change in the rate constant for the principal pathway for recycling CO2 (R9, Table 1 ). The latest laboratory measurements give a value which is nearly constant with temperature, unlike the old value which was highly temperature dependent and smaller. This is clearly illustrated in Figure 2 for the temperature profile used here. In the region critical for the recycling of CO2, 20-50 km, the old rate constant is a factor of 3-7 smaller than the present measurement; the new rate constant will thus result in a greater recycling rate for CO2.
The choice of the photoabsorption cross sections, (5, of CO2 and H20 could also have significant impact on the balance between photolysis loss and the recycling of CO2. With regard to (5co2, there are two important considerations: temperature dependence of the cross sections, and the relative importance of Rayleigh scattering in the Martian atmosphere in the wavelength region of the CO2 photoabsorption. Three curves are shown in ature dependent behavior at wavelengths below and in the vicinity of 197 nm. To be sure, although Rayleigh scattering cross sections are subtracted systematically from the extinction cross sections, they are included in the calculation of the solar flux available at a given altitude. An obvious impact of the use of new CO2 absorption cross sections which are smaller by a factor of 2 to 3 compared to those used in the previous above mentioned models, is that the CO2 photolysis rate would be correspondingly lower. With the loss rate of CO2 being smaller, and the production rate greater (due to greater k for R9 (Table 1) ; discussion above), the production to loss ratio of CO2 would be much greater in the previous models if all other parameters were unchanged. We will discuss this point more specifically in the context of a previous model a little later, but here it would suffice to note that the new laboratory data would exert a significant control over the stability of the Martian atmosphere. It is not apparent whether a temperature dependence similar to that of the CO2 absorption cross sections discussed above (quite large), or that of 03 (negligible) will be valid for H20. In the model given in this paper, sensitivity of the atmospheric stability to the possible temperature dependence of the H20 absorption cross section is studied. Since H20 cross sections directly affect the OH production rate, them could be a notable change in the CO2 production to loss ratio if the H20 cross sections at low temperatures turned out to be significantly different than the room temperature values.
The solar fluxes are taken from a Solar Maximum Explorer (SME) database for 1983/March conditions. In fact, the values are deceptively similar to those given by Mount and Rottrnan [1983] for the 1982/May period. The solar fluxes were divided by a factor of 2 to obtain diurnal averages; they were further reduced by the Cos 600 factor to obtain seasonal average values. For the nominal model, a mean vertical optical depth of 0.4 in the ultraviolet at the ground [Krasnopolsky, 1993] is assumed for the dust. The dust is taken to be well mixed with the atmospheric gases, which is a masonably good assumption up to the altitudes of importance for the atmospheric stability question. The optical depth of dust in the atmosphere of Mars can vary dramatically, exceeding 2 (in the red-infrared) during the gmat dust storms such as those in the southern hemisphere summers [Zurek, 1982] . 
Model Results
We have first attempted to reproduce the calculations of MD and PH models to test our numerical technique and to carry out an important sensitivity study on these previous models. To reproduce the earlier models, the input parameters, i.e., chemical reactions and the associated kinetics data, cross sections, solar fluxes, and atmospheric density, temperature and eddy mixing profiles, were taken to be identical to those in the MD and PH models. Figure 4 shows the results of calculations based on our numerical technique and the input parameters corresponding to the MD model. There is an excellent agreement between the density profiles calculated here and those given in Figure 2 of the MD paper, giving us confidence in our numerical method. In Table 2 ( Sa = 1 for complete stability). It is apparent from Figure 5 and Table 2 that for an eddy diffusion coefficient of 1.5x108cm2s-•, the value adopted in the MD model, the loss rate of CO2 is nearly balanced by its recycling rate. It is also clear that for K = 1.5 x 105, or 1.5x106cm2s-] the stability ratio falls far short of one; this is also implied in the discussion by MD of their model, although no explicit results for K < 1.5 x 108 cm2s-• are presented there. Table 3 , Figure 6 and Table 3 indicate that for the currently favored globally and seasonally averaged value of water vapor mixing ratio, about 150 ppm, the CO2 recycling rate is smaller than its loss rate by a factor of about 3. The MD and PH models were, however, based on laboratory data available nearly two decades ago. As discussed in the Photochemical Model section, two parameters in particular, the rate constant for reaction R9 (Table 1) Of particular importance for the atmospheric stability question is the production of hydroxyl radical, OH. Therefore, we show schematically in Figure 9 the relative roles of the various sources of OH in the nominal model. The height-integrated production rates of OH are listed in Table 4a ; their relative contributions are listed in Table 4b . Also listed in these tables are the values for the PH and MD models calculated using their chemistry and input parameters.
that, only for the average water vapor mixing ratio of about 500 ppm, there is a near-balance between the CO2 loss and production rates, which is consistent with the PH model (the PH model mentions only the necessity for a wet atmosphere, it does not specify the H20 mixing ratio). Although the PH model does not include results for the various possible amounts of H20, our calculations in
The production and loss rates of CO2 for the nominal model (K= 106cm2s -•) are shown in Figure 10 . The values of the height-integrated production and loss rates, P and L, and their ratio, the stability parameter, Sa, for the nominal model and for cases where K = 10 s cm2s -1 and 108 cm2s -1 are listed in Table 5 .
As expected, the photolysis loss rate is independent of the choice of K. Both Figure 10 and Table 5 indicate that the problem of recycling of CO2 on Mars does not exist. On the contrary, it is found that the production to loss ratio is always greater than one, no matter what value of the eddy diffusion coefficient in the lower and middle atmosphere is chosen. Only for K << 105cm2s -1 or >>108cm2s-1 we find a significant departure from this conclusion. However, production rate of CO2 which is greater than its loss rate is clearly a physically unrealistic situation that calls for a process which may have been overlooked or not yet properly included in the model. In the following section we discuss various possibilities which could allow the Martian atmosphere to maintain complete stability.
Discussion
Before resorting to some new process to balance the production and loss rates of CO: on Mars, we first examine the impact of changing certain input parameters, either because they have Values are in percent. Table 7 . The CO2 photolysis rate is not affected significantly, as expected; the CO2 production rate, on the other hand, changes somewhat. As we note in Table 7 , the ratio of CO2 production to loss rate with (;.2o reduced by a factor of 2 and 3, e.g., decreases to 1.3 and 1.2, respectively, from a value of 1.4 which corresponds to (;.:o at room temperature; all other input parameters being the same. Although, within the range of reduction in (;i-i:o considered here, there is little change in the stability parameter, Sa, this sensitivity study demonstrates the importance of accurate laboratory measurements.
If it should turn out that these cross sections have a temperature dependence more acute than that of CO2 cross sections, the problem of stability of CO2 in the Martian atmosphere may not be that serious. Note, however, that the measurement of OHio is challenging at low temperatures because of the low saturation vapor pressure of water vapor, which is, for example, only 1.2x10 -3 mmHg at 200 K and 1.5x10 -5 mmHg at 175 K.
Finally, the water vapor amount in the atmosphere of Mars shows a large temporal, latitudinal and longitudinal variation, ranging from a nearly dry atmosphere (<1 pr gm) to a nearly wet atmosphere (>60 pr gm). The nominal model in this paper assumes a globally and seasonally averaged value of 10 pr gm H20 at the surface. Our calculations for the nominal model, but using H20 = 1 ppm (dry) yield a value of the stability parameter, Sa =0.9, and Sa = 1.9 if H20= 1000 ppm (wet). In the nominal model, with H20=150 ppm, Sa was 1.4. Water vapor amounts exceeding the average value give values of Sa greater than 1.4, reaching a plateau with H20 around 30 pr gm (-500 ppm) at the surface, since greater amounts of water vapor at the surface do not generally result in greater water vapor mixing ratio throughout the atmosphere because of saturation. This sensitivity study illustrates that the amount of water vapor on Mars can exert a significant control over the recycling rate of CO2 locally. The nominal model of this paper, which is based on an average water vapor amount, is, however, still representative of the globally and seasonally averaged conditions, as far as the stability of the atmosphere is concerned.
Conclusion
The above discussion on the sensitivity of CO2 recycling rate to the known and suspected variations in the atmospheric and laboratory parameters indicates that according to the present Table 5 The one-dimensional model of this paper represents only a preliminary attempt at addressing the classical question of the stability of Martian atmosphere. It is nonetheless an important step since it provides the framework for developing more complex models, and it identifies the laboratory and planetary information critically needed to adequately model the problem. We have begun the formulation of a two-dimensional model, and with the help of a general circulation model sometime in the future, we expect to have a more complete model of the stability of species in the atmosphere of Mars. It is hoped that high-resolution data on the temporal and spatial distributions of atmospheric constituents, particularly aerosols of dust and ice, water vapor, hydroxyl, hydrogen peroxide, oxygen, ozone and carbon monoxide, as well as the mineralogy of dust, will become available from future observations. At the same time we urge our laboratory colleagues to take up the challenge of measuring the relevant accommodation coefficients, rate constants and the absorption cross sections appropriate for the Martian environmental and surface conditions. It is only after these efforts that one can fully evaluate whether a heterogeneous process needs to be invoked to maintain stable levels of CO2, CO and O2 in the atmosphere of Mars.
